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SUMMARY 

Measurements  of average hea t - t r ans fe r  and f r i c t i o n   c o e f f i c i e n t s  
were obtained with air flowing  through a smooth, e l e c t r i c a l l y  heated 
tube  with a bellmouth  entrance,  and with a length-to-diameter ra t io  of 
15 f o r  a range  of  average surface temperature from 875O t o  1735' R, 
Reynolds number *om 2200 t o  300,000, exit Mach numbers up t o   u n i t y ,  
and heat fluxes up t o  230,000 Btu per hour per square   foo t   o f  heat- 
t r a n s f e r  area. 

The r e s u l t s   i n d i c a t e  that i n  the turbulent  range  of  Reynolds num- 
bers based on tube diameter, good co r re l a t ions   o f  the average heat- 

ert ies and  density  of the air are evaluated at a re fe rence  film temper- 
a t u r e  midway between the surface and f l u i d   b u l k  temperature. The aver- 

from the same test  equipment  wlth  longer  tubes  (length-to-diameter 
r a t i o s   o f  30, 60, and 120) at  high  surface  temperatures  and heat fluxes 
on the basis that the average heat-transfer,coefficient varies as t h e  
-0.1 power of the length- to-diameter   ra t io .  The average f r i c t i o n   c o e f -  
f i c i e n t s  were the same as the values  obtained wi'th longer t ubes   fo r  
Reynolds  numbers  above  approximately 30,000. 

D t r ans fe r   and   f ' r i c t im   coe f f i c i en t s  are obtained when the physical  prop- 

8 age   hea t - t r ans fe r   coe f f i c i en t s   co r re l a t ed  with those  obtained  previously 

In the t r ans i t i on   f rom the laminar t o   t h e   t u r b u l e n t   r a n g e  of 
Reynolds  numbers, t he   r e f e rence   f i lm   t empera tu re   d id   no t   g ive  good 
correlati 'on  and the ave rage   hea t - t r ans fe r   and   f r i c t ion   coe f f i c i en t s  
increased e t h  inc reas ing   r a t io   o f   su r f ace - tp - f lu id  bulk temperature 
when the f lu id   p rope r t i e s   and   dens i ty  were evaluated at the f l u i d   f i l m  
temperature.  

LI 

INTRODUCTION 

- I n  an  experimental   invest igat ion  of  average hea t - t r ans fe r  and 
f r i c t i o n   c o e f f i c i e n t s   f o r  the turbulent   f low  of  air in smooth  tubes 
(ref. l), it w&s found that the   r a t io   o f   su r f ace - to - f lu id   bu lk  
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temperature has an appreciable effect on heat-transfer a d  f r ic t ion 
correlations. A similar effect  w&s obtained i n  an analytical  and exper- 
imental  investigation (ref. 2) of local  coefficients for fu l ly  devel- 
oped turbulent- flaw with variable  f luid  properties (which precluded any 
possible  effect of flow development near  the  tube  entrance that may be 
included i n  the average  coefficients  oQref. 1). However, for  the case 
of ful ly  developed laminar flow, an analytical  investigation (ref. 3) 
indicates that the effect  of t he   r a t io  of surface-to-fluid bulk temper- 
a ture  is nearly  negligible, when a i r  properties are evaluated a t  the 
bulk  temperature. 

.-  

From these investigations it might be  expected that i n  the t ransi-  
tion  region from l aminar  to  turbulent flow the  effect  of the   ra t io  of 
surface-to-fluid bulk temperature  varies between the two limits. More- 
over, i n  the entrance  region of a tube i n  which the flow is not f'ully 
developed the  effect  of the r a t i o  of surface-to-fluid  bulk  teqerature 
is  uncertain. 

In view of t h i s  uncertainty and of the  current  interest i n  short- 
tube  heat-exchanger  applications  utilizing  the  higher  heat-transfer 
rates attending flow development in the  entrance  region,  the scope  of 
the  investigation  of  reference 1 is extended  herein t o  a tube  having 
a length-diameter r a t i o  of 15. The data are  presented  in  the- form of 
averege  heat-transfer and fkiction  coefficients and are compared with 
the  data of reference 1 end with  the  data of reference8 4 and 5 obtained 
for   ra t ios  of surface-to-fluid  bulk  temperatures  near  unity. 

APPARATUS 

The eqerfmental  setup is  essentially the same a8 described i n  
reference 1. For convenience, however, the apparatus is br ie f ly  
reviewed. 

A Bchematic diagram of the test section and associated equipment 
is shown i n  figure 1. Compressed a i r  a t  about 100 pounds per  square 
inch was supplied  through a pressure-regulating  valve  into a surge 
tank. *om the  surge tank the   a i r  passed  through a second pressure- 
regulating  valve  into a bank of robmeters and then  into a mixing  tank, 
which consisted of three  concentric  passages so arranged that the air 
made three  passages  through the tank  before  entering  the test section. 
Baffles were provided i n  the  central  passage t o  promote thorough mix- 
ing of the air before it entered the tes t   sect ion.  From the test sec- 
tion the air flawed through a second mixing  tank and was then  discharged 
t o  the atmosphere. The test section, mixing tanks, and adjoining  pip- 
ing were thermally  insulated. 

I- 
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. The temperature o f  the air en te r ing  and   leav ing   the  test sec t ion  
was measured by pairs  of  iron-constantan  thermocouples  located down- 
stream of the mixing baffles in  the entrance  and exit  mixing  tanks, 
respec t ive ly .  

.) 

Test Sect ion 

The test  sec t ion ,  as shown i n  figure 2,   consisted  of an Inconel  
tube  having  an  inside  diameter   of  0.402 Inches, a. w a l l  th ic lmess  of 
0.049 inches,  a length  of  6 inches,  and a length-d iameter   ra t io   o f  
approximately 15. S t e e l   f l a n g e s  were welded t o  the ends  of the tube  
fo r   e l ec t r i ca l   connec t ions .  A bellmouth  nozzle  having a t h r o a t  diam- 
eter e q u a l   t o   t h e   i n s i d e   d i a m e t e r . o f  the tube  served as an e n t r a n c e   t o  
the tube. 

Pressure t a p s  w e r e  i n s t a l l e d   i n  the f l anges  a t  the ends  of the 
t u b e ,   t o  measure the static pressure  drop. 

The outs ide  wall temperature was measured at 18 l oca t ions  by means 
of chromel-alumel  thermocouples and a self-balancing, indicating-type 
potentiometer.  One thermocouple was loca ted  on each f l ange  and  two 
thermocouples 180' a p a r t  a t  eight s t a t ions   a long  the tube.  

E l e c t r i c a l  System 

Power was s u p p l i e d   t o  the heater tube  from a 208-voltJ  60-cycle 
* supply   l ine   th rough an autotransformer  and a power t ransformer.  The 

low-voltage  leads  of the power transformer were connected t o  the s tee l  
f langes  on t h e  t e s t  sec t ion  by means of copper cables. 

An ammeter connected t o  the load through a 240:l  instrument cur- 
ren t   t ransformer  was used t o  measure the current   through the test 
sec t ion .  The vol tage   d rop   across  the t e s t  sec t ion  was measured by 
means of a voltmeter  connected t o  the steel f langes  of the tube.  

The capac i ty   o f  the e l e c t r i c a l  equipment was  15 kilovolt-amperes. 

Range  of  Conditions 

Heat-transfer  and associated pressure-drop data w e r e  obtained over 
a range  of surface temperatures  from 875' t o  1735' R J  i n l e t - a i r  temper- 
a ture   o f  535' R , su r face - to -a i r   t empera tu re   r a t io  f r o m  1 .6  to 2.8, heat 
f l u x  up t o  230,000  Btu  per  hour  per sqpare foot,  Reynolds number from 
2200 t o  300,000,and exit  Mach number up t o  unity. 
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The following symbols are  used in this   report :  

C P specific heat of air a t  constant pressure, Btu/(lb)(OF) 

D inside diameter of tes t   sect ion,  f t  

E voltage  drug  across test  section,  volts 

f f  

G mass flow per  unit  cross-sectional  area,  lb/(hr}(sq ft) 

Q acceleration due to   gravi ty ,  4.17X108 f t / h r 2  

modified  average friction  coefficient 

h average  heat-transfer  coefficient, Btu/(hr)  (ft‘) (9) 
I Cur ren t  flow through tes t   sect ion,  amperes 

k thermal conductivity of air, Btu/(br)(sq f t )  (%/ft) 

L heat-transfer length of test section, f t  

P absolute  static pressure, lb l sq  ft 

*Pfr 

Q rate of heat transfer t o  air, Btu/hr 

%x 
Qa 

QL 

R gas  constant for air, 53.35 ft-lb/(lb)(%’) 

friction  static-pressure drop &cross test  section,  lb/sq f t  

electrical  heat  input, Btu/hr 

rate of heat  transfer  to air, W c (T - Tzf Btu/hr  

r a t e  of heat lost t o  surroundings,  Btu/hr 
P 2  

S heat-transfer  area of test section, sq f t  

T t o t a l  or stagnation  temperature, 41 

Tb average  bulk temperature, defined by (T fl )/2, % 
1 2  

Tf  average film temperature  defined by (Ts%) /2 ,  % 

T S  average  inside  surface temperature of . test   section, OR 

. 
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L 

t s t a t i c  temperature, 41 
* 

N cn 
N 
4 

v 
W air flow, lb/hr 

Y r a t i o  of specific  heats  of air 

P absolute  viscosity of air, lb/(hr)(ft) 

P density of air, lb/(cu ft) 
cppfk P r a n d t l  number 

pVD f p  Reynolds number 

hD/k Nusselt number 

Subscripts : 

b bulk (when applied  to  properties,   indicates  evaluation at aver- 
age  bulk  temperature %) 

f film (when applied to  properties,  indicates  evaluation a t  
average film temperature Tf) 

1 test-section  entrance 

2 test-section exit 

RESULTS AND DISCUSSION 

Axial-Wall-Temperature Distribution 

Representative axial outside-wall  temperature  distributions are 
shown in figure 3. The outside wall temperature is plotted  against the 
distance f r o m  the  tube  entrance  for  each  temperature  level  for a high 
flow ra t e .  Also included for  the  highest  temperature  level is a wall- 
temperature  distribution  obtained  during  heat-loss runs i n  which there 
was no air flawing  through the  tube. The rate of hea t   t ransfer   to  the 
air, the a i r  flow, the temperature rise of the  air, and the  average 
i n s i d e  tube wall temperature me  tabulated.  

. 
For the  case of no air flow  through the  tube,  the  heat  generated 

i n  the  tube wall is l o s t  by means of conduction  through the   e lec t r ic  
Y connector  flanges and cables and thus the wall t a p e r a t u r e  is affected 
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along  the  entire  length of the  tube by the end losses. The portion of 
tube  along which the wall temperature is affected by end losses dimen- 
ished as the  flow  rate  increased. 

Heat Balance 

The heat  balance is  shown i n  figure 4 where the r a t i o  of the  elec- 
t r ica l   hea t   input  minus heat loss  t o  the  heat  transferred t o  the air, 
a s  determined  by  flow r a t e  and tanperatwe measurements, is plotted 
against  the  heat  transferred t o  the air. The heat  balances  obtained a t  
low heat  lnputs and correspondently low flow r a t e s  were very  poor. In 
t h i s   r eg ion   t he   ou t l e t   a i r   t qe ra tu re  could n o t  be measured accurately 
because  the  extremely low veloci t ies  i n  the  out le t  mixing  tank  prevented 
the  attainment of equilibrium  conditions in the  mixing tank. 

The heat  balance improved rapidly  with  increase i n  flow r a t e  and 
for  values  corresponding to  turbulent  f low in the   tes t   sect ion  the 
unaccountable  heat loss diminished t o  7 t o  10 percent of the  heat  input. 
For the  higher  flqw  rates  the  flow  rate and temperature-rise measure- 
ments were believed  to  be somewhat  more dependable than the   e lec t r ica l  
and heat-loss measurements. The reverse is t rue  at low flow ra tes  
because of  the  inaccuracies in measuring the  out le t  air temperature  as 
stated  previously.  Therefore,  the  heat-transfer  coefficients  me  cal- 
culated  herein from the  f low  rate and the  temperature  rise of the air 
i n  the  high-flow-rate  reglon (Reynolds number greater than 10,000) and 
from the  electrical   heat  input and heat-loss measurements i n  the low- 
flow-rate  region. 

Correlation of  Heat-Transfer  Coefficients 

The average  heat-transfer  coefficient h was computed f r o m  the 
experimental  data by the  re la t ion 

Q = W c ~ , ~ ( T ~  - TI) or  (3.415 EX - QL) 

where the bulk temperature of the air Tb was taken as the  arithmetic 
mean of the t o t a l  temperatures a t   the   entrance T1 and the   ex i t  T2 
of the  tes t   sect ion.  The average  surface  temperature Ts was taken 
as an in t ega ted  average of the  local  outside d l  temperature  less  the 
temperature  drop  through  the wall. 

c 
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The physical  properties of air used i n  calculating the Nusselt, 
Reynolds, and PrandtP numbers are.the same as those used in reference 1 

in  reference 6 and the thermal conductivity was assumed t o  vary as the  
square  root of temperature. 

* wherein the viscosity and specific  heat were based on values  reported 

The results  presented in reference 1 for  turbulent flow in tubes 
having  length-to-diameter r a t io s  of 30 t o  120 indicate that the average 

(3, eo 
N Nusselt number decreases  progressively as the r a t i o  of surface-to-fluid 

-rl bulk  temperature  increases when the fluid  properties are evaluated at  
the  fluid  bulk  temperature. The ef fec t  of the r a t i o  of surface-to-bulk 
temperature was eliminated by evaluating  the  properties of the air, 
including  the  density term in the Reynolds number at the film tempera- 
ture,  defined as the arithmetic average of the surface and bulk temper- 
atures,  and the data fo r  Reynolds numbers greater than 10,000 were w e l l  
represented by the following  relation: 

The average  Nusselt numbers obhined  herein for a range  of  Reynolds 
number -om 2200 t o  300,000 and r a t io s  of surface  to  bulk temperature 
from 1.6 t o  2.8 are shown correlated  accordingly i n  figure 5. A line 
representing  equation (2) is included  for  cangarison. The data fo r  
Reynolds numbers larger  than 10,000 agree  very w e l l  with the reference 
l i n e  and show very l i t t l e  variation  with  ratio of surface-to-bulk tem- 
perature, which indicates that the  effect  of flow development on the 
average  Nusselt number is  adequately  represented by the  length-to- 
diameter r a t i o  raised t o  the -0.1 power over the range  of  length-to 
diameter r a t i o  of 15 t o  120. Also, the ef fec t  of the r a t i o  of surface- 
to-bulk  temperature on the average  Nusselt number is nearly  the sane as 
tha t  obtained with long tubes, a d  that flow development has l i t t l e  
influence on th i s  effect  for  tubes  exceeding 15 diameters in  length. 

c 

The r e su l t s  of an analytical  investigation  presented in reference 3 
fo r  the case of laminar flow i n  tubes with fluid  properties variable 
along the radius  indicate that the effect of the r a t i o  of the surface- 
to-fluid  bulk  temperature is  negligible when the fluid  properties are 
evaluated a t  a temperature near  the f lu id  bulk temperature. Hence, It 
may be expected that in   the   t rans i t ion  from laminar to  turbulent flow 
(Reynolds number from 1000 t o  10,000) the e f fec t  of the r a t i o  of 
surface-to-fluid bulk temperature varies with Reynolds number in   the  
transition  region and could be eliminated by evaluating  the  fluid phys- 
ical   propert ies  and density a t  a reference  tpmperature which varies 
from the   f luid  bulk  to  the f lu id  film temperature as Reynolds number is - increased. 
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This  effkct, t oge the r  with the poor heat balance  obtained a t  low 
Reynolds  numbers,  accounts f o r  the increased scatter of the data 
obtained  for  Reynold6 numbers less than 10,000. 

A comparison  of the average   hea t - t ransfer   coef f ic ien ts   ob ta ined   in  
r e fe rence  1 f o r  a tube  having a length- to-d iameter   ra t io  of 120 and the 
local  hea t - t r ans fe r   coe f f i c i en t s   ob ta ined  i n  r e fe rence  2 nea r  the end 
of a tube 87 d iameters   in   l ength  (which precludes  any effects o f  flow 
development on the l o c a l   h e a t - t r a n s f e r   c o e f f i c i e n t )   i n d i c a t e s  that the 
average and   l oca l   hea t - t r ans fe r   coe f f i c i en t s  have the same value.  Hence, 
for   tubes   longer   than  120  diameters the average  heat- t ransfer   coeff i -  
c ien t   remains   cons tan t  with increase in length- to-diameter   ra t io   and 
equation (21, by the  subs t i t u t ion   o f  L/a = 120 ,  becomes 

pf VbD 

An a l t e r n a t e  method o f   c o r r e c t i n g   f o r  the e f f e c t  of the r a t i o  of 
length-to-diameter on the average hea t  transfer is presented   in  refer- 
ence 7 i n  which  correlat ion of the d a t a  of re ferences  4 and 5 and var- 
ious o t h e r   i n v e s t i g a t o r s  was obtained by use   o f  the parameter 
(1 + L/D-0*7). This  method has the advantage that a s i n g l e   r e l a t i o n  
can be used   for  all length- to-diameter   ra t ios .  The p resen t  data and 
some t y p i c a l   d a t a   o f   r e f e r e n c e  1 are r ep lo t t ed   acco rd ing ly   i n  figure 6 
f o r   r e p r e s e n t a t i v e  low- and higbheat-flux condi t ions.   Included  for  
canparison is the l i n e   r e p r e s e n t e d  by the following expression: 

(3) 

The effect of length- to-d iameter   ra t io  on t h e  average hea t - t r ans fe r  
c o e f f i c i e n t  is f u r t h e r   i l l u s t r a t e d   i n  figure 7 wherein the mean values  
of the p resen t  data and those  of   reference 1 f o r  Reynolds  numbers  above 
10,000 are compared with the data of references 4 and 5 obtained a t  
low heat f luxes.   Included are the broken, dashed, and s o l i d  l i n e s  
represent ing  equat ions (2), (2a),  and (3), r e spec t ive ly .  The p resen t  
data and those of  reference 1 are best represented by equation (21, 
mile the d a t a  of references 4 and 5 are best f i t t e d  by equation (3). 
For the e n t i r e  range of  length-to-diameter ratio, equation (3) best 
r ep resen t s  all the data  and is  the most  advantageous  one. 

. 
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Corre la t ion   o f   Fr ic t ion   Coeff ic ien t  

- The method  of c a l c u l a t l n g  the ave rage   f r i c t ion   coe f f i c i en t  i s  
essentially the same as descr ibed i n  re ference  1 wherein 

ff = 2 
L pf 'b 
D 2g 

4 -  

where 

and 

The subsc r ip t s  1 and 2 refer t o   p o s i t i o n s   w i t h i n  the tube ,   loca ted  
1/8 inch  from the entrance  and exit  ends  of the tube ,   respec t ive ly .  

c The  average   f r ic t ion   coef f ic ien ts  as ca lcu la ted   p rev ious ly  axe 
shown i n  figure 8 co r re l a t ed  by the method proposed i n  re ference  1 f o r  
high-heat-flux  con/ditions.  Included  for  comparison is t h e   l i n e   r e p r e -  
s en t ing  the von Karm&-Nikuradse r e l a t i o n  for turbulen t   f low in pipes  
c o r r e c t e d   f o r  the e f f e c t   o f  heat flux on f r i c t i o n   f a c t o r ,   w h i c h  is 

For  Reynolds  numbers  above 30,000, the f r i c t i o n   c o e f f i c i e n t s  are 
in  reasonable  agreement w i t h  the r e f e r e n c e   l i n e  and no effects of length-  
t o -d i ame te r   r a t io  are not iceable ,  which w&s unexpected  in view of the 
observed  effect   of   length- to-diameter   ra t io  on the average hea t - t r ans fe r  

f i c i e n t s  deviate considerably from the re fe rence   l i ne .  The d a t a  
obtained  without heat addi t ion  fa l l  below the reference  line and i nd i -  

" c a t e  tha t  the t rans i t ion   f rom l a m i n a r  t o   t u r b u l e n t   f l o w   e x t e n d s   t o  a 

- coe f f i c i en t s .  In the lower Reynolds number reg ion ,  the f r i c t i o n   c o e f -  
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Reynolds number of approximately 30,000. The data  also vary with  ratio 
of surface-to-bulk  temperature,  indicating  that  the  effect of heat  flux 
i n  the  trassitior?  region is less than that obtained i n  the  fully  turbu- 
l en t   r eeon ,  and hence equation (5) is  not  applicable  in  this  region. 

SUMMARY OF RESULTS 

The resu l t s  of t h P s  investigation of heat transfer and pressure 
drop for  a i r  flowing  through a smooth tube  having a length-diameter 
r a t i o  of 15 fo r  a range of surface  temperature from 875' t o  1735' R 
and  corresponding  surface-to-bulk  temperatup.ratio from.J.6 t o  2.8, 
Reynolds number from 2200 t o  300,000, and heat  flux up t o  230,000 Btu 
per hour per  square  foot may be summarized as follows: 

1. The effect  of the   ra t io  of surface-to-bulk  temperature on cor- 
relations of the  average  heat-transfer and fkiction  coefficient6 for 
turbulent-flow Reynolds numbers above 10,000 was the same as t ha t  
obtained i n  a previous  investigation for longer length-to-diameter 
ra t io   tubes,  and was eliminated by evaluating  the  physical  properties 
and density of the air a t  a film temperature  halfway between the  bulk 
and surface  temperatures. 

2. In the  transit ion from the laminar to  the  turbulent  range of 
Reynolds numbers based on tube  diameter,  the  average  heat-transfer and 
friction  coefficients  increased with increasing  ratio of surface-to- 
bulk  temperature and indfcated that the reference film temperature is 
not  applicable i n  t h i s  region. 

3. The data of the  investigation  correlated  with  the data obtained 
f n  previous  investigations with longer  tubes on the bas i s - tha t  the heat- 
transfer  coefficient  varies 88 the -0.1 power  of the length-to-diameter 
rat io.  

4 .  No effect  of length-to-diameter r a t i o  on correlation of the 
average  friction  coefficients was observed for  Reynolds numbers above 
30,000. 

PC 
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Lewis Flight  Propulsion  Laboratory 
National  Advisory Committee for Aeronautics 

Cleveland, Ohio, March 20, 1953 
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Figure 1. - Schematic diapam showing arrangement of apparatus. 
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Figure 2. - Test section shoving themcouple and pressure-tap  location. 

. .  



14 NACA RM E53E04 

Distance from entrance, in. 

Figure 3. - Representative wall-temperature distributions. 
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F l w e  5. - Correlation of heat-transfer  coefficients  with variable heat flux. Length-diameter 
ratio, 1 5 1  bellmouth entrance, inlet temperature, 535' R; properties of air  evaluated  at film 
temperature. k4 0 
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Figure 6. - Alternate method of correlating  heat-transfer  coefficient6 d t h  variation in length 
to diameter  ratio. BC3Jmout.b entrance;  inlet.tcmperature, 535O R; propertfes of air evaluated 
at film temperature. 
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Figure 8. - Correlation of average  friction  factors.  Viscosity  and  density  evaluated at film 
temperature Tf . 
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